Aims The genus Olea (Oleaceae) includes approx. 40 taxa of evergreen shrubs and trees classified in three subgenera, Olea, Paniculatae and Tetrapilus, the first of which has two sections (Olea and Ligustroides). Olive trees (the O. europaea complex) have been the subject of intensive research, whereas little is known about the phylogenetic relationships among the other species. To clarify the biogeographical history of this group, a molecular analysis of Olea and related genera of Oleaceae is thus necessary. † Methods A phylogeny was built of Olea and related genera based on sequences of the nuclear ribosomal internal transcribed spacer-1 and four plastid regions. Lineage divergence and the evolution of abaxial peltate scales, the latter character linked to drought adaptation, were dated using a Bayesian method. † Key Results Olea is polyphyletic, with O. ambrensis and subgenus Tetrapilus not sharing a most recent common ancestor with the main Olea clade. Partial incongruence between nuclear and plastid phylogenetic reconstructions suggests a reticulation process in the evolution of subgenus Olea. Estimates of divergence times for major groups of Olea during the Tertiary were obtained. † Conclusions This study indicates the necessity of revising current taxonomic boundaries in Olea. The results also suggest that main lines of evolution were promoted by major Tertiary climatic shifts: (1) the split between subgenera Olea and Paniculatae appears to have taken place at the Miocene -Oligocene boundary; (2) the separation of sections Ligustroides and Olea may have occurred during the Early Miocene following the Mi-1 glaciation; and (3) the diversification within these sections (and the origin of dense abaxial indumentum in section Olea) was concomitant with the aridification of Africa in the Late Miocene.
INTRODUCTION
Oleaceae comprise about 600 species and 24 genera (Johnson, 1957; Rohwer, 1996; Wallander and Albert, 2000; Green, 2004) . Within this family, Olea and ten other (extant) genera constitute the subtribe Oleinae within the tribe Oleeae (Wallander and Albert, 2000) . Thirty-three species and nine subspecies of evergreen shrubs and trees have been circumscribed in Olea based on morphological characters (Green, 2002) . In addition, these taxa are classified in three subgenera, Olea, Paniculatae and Tetrapilus, the first of which has two sections (Olea and Ligustroides). Section Olea is formed exclusively by the olive complex (Olea europaea), in which six subspecies are recognized Green, 2002) . This subgenus is distributed from South Africa to China, across the Saharan mountains, Macaronesia and the Mediterranean basin. O. europaea is also found outside of its native range as a result of human-mediated dispersal; it has been repeatedly introduced in the New World and has become naturalized and has invaded numerous areas in Australia, New Zealand and the Pacific islands (Green, 2002; Besnard et al., 2007b) . Section Ligustroides includes eight species from central and southern Africa, displaying numerous similarities in morphological and biochemical traits with section Olea (Harborne and Green, 1980; Green, 2002) . Key morphological characters discriminating these two sections are the inflorescence position (axillary in section Olea vs. terminal and sometimes axillary in section Ligustroides), the density of peltate scales (densely covered abaxial leaf surface in section Olea vs. leaves with no or scattered scales in section Ligustroides) and the structure of the calyx tube (+ membranous in section Olea vs. + coriaceous in section Ligustroides; Green, 2002) . Subgenus Paniculatae includes only one taxon (Olea paniculata) distributed from Pakistan to New Caledonia. This species is characterized by leaf domatia in the axils of the midrib and primary veins (Green, 2002) . Lastly, subgenus Tetrapilus contains 23 species from south-eastern Asia. Limited flower shape variability is found in this subgenus, whereas variable vegetative and reproductive traits are observed (e.g. leaf morphology, hermaphrodite vs. dioecious species; Green, 2002) . Key characters defining subgenus Tetrapilus are a corolla tube longer than corolla lobes and the absence of peltate scales.
Olea taxa are found in a wide range of habitats. Most species are distributed in subtropical and tropical areas where they can be important vegetation components (Green, 2002) . Some taxa in both sections of subgenus Olea occur in arid environments, although representatives can also be found in other habitats. The olive complex (section Olea) is present in open forests of the Mediterranean and subtropical regions of the Old World, from Macaronesian cloud forests (subspp. cerasiformis and guanchica) to extremely arid Saharan mountains (subsp. laperrinei). Members of section Ligustroides occur in various habitats in subtropical and equatorial Africa (Green and Kupicha, 1979; Green, 2002) , such as dry brush on coastal dunes (e.g. O. exasperata and O. woodiana), scrub vegetation among quartzite crags (O. chimanimani), upland forests with low rainfall (e.g. O. capensis subsp. macrocarpa) and altitudinally transitional and humid upland forests (e.g. O. schliebenii and O. welwitschii). Stomata protected by dense abaxial peltate scales (a trait considered to be linked to dry habitats; Bongi et al., 1987) are only found in section Olea (Green, 2002) . In contrast, other traits associated with arid environments, such as the presence of a thick cuticle and lanceolate leaves, are found in both sections (Green, 2002) . Subgenus Paniculatae is present in coastal scrub and rain forests (Kiew, 1979) . Lastly, subgenus Tetrapilus is found in a variety of habitats (Kiew, 1979; Chang et al., 1996; Green, 2002) , from xeric sandstone in open rocky country (e.g. O. dentata) to dense and moist lowland tropical forests (e.g. O. guangxiensis and O. rosea).
Some attempts have been made to determine the affinities and phylogenetic relationships between Olea species and related genera of Oleaceae using biochemical and molecular data (e.g. Harborne and Green, 1980; Angiolillo et al., 1999; Wallander and Albert, 2000; Baldoni et al., 2002; Besnard et al., 2002; Jensen et al., 2002) . However, molecular studies conducted to date have lacked suitable representation of subgenera and sections. Polyphyly of the genus Olea was suggested by Wallander and Albert (2000) and Besnard et al. (2002) based on plastid DNA sequences and nuclear ribosomal DNA (nrDNA) restriction fragment-length polymorphisms (RFLPs), respectively. In particular, subgenus Tetrapilus was proposed as a separate genus by Besnard et al. (2002) , as previously considered by Johnson (1957) based on morphology. However, these conclusions lacked strong support, as the number of taxa of Olea sensu lato included in those studies was limited and most studies published to date have been focused on section Olea. Reticulation events appear to have played an important role in the evolution of this section (e.g. Angiolillo et al., 1999; Rubio de Casas et al., 2006; Besnard et al., 2007c) and polyploidy also contributed to its diversification in North-West Africa [e.g. subspp. maroccana (6Â) and cerasiformis (4Â); Besnard et al., 2008; Brito et al., 2008; García-Verdugo et al., 2009] . Little is known about the biogeography and evolutionary history of other Olea taxa (i.e. Tetrapilus, Ligustroides and Paniculatae), but a better understanding of Olea taxonomy and diversification may be of great importance for the future management of olive genetic resources and for the in situ conservation of genetically differentiated entities (Forest et al., 2007) . Additional investigations, including both extended sampling and additional polymorphic markers, are thus needed to reconstruct a robust phylogeny to test for polyphyly and to infer the origin and centres of diversification of the genus Olea. Moreover, the use of palaeobotanical data in phylogenetic analyses helps in dating major lineage divergence times and then in identifying differentiation events (e.g. Magallón and Sanderson, 2001) .
Contrasting between plastid and nuclear analyses is useful in interpreting the biogeographical history of taxa and the evolution of phenotypic traits (e.g. Maurin et al., 2007; Wang et al., 2007; Figueroa et al., 2008) . Incongruence between classifications based on both genomes can reveal evolutionary events such as reticulation or incomplete lineage sorting (Linder and Rieseberg, 2004) . However, if methodologies to generate plastid DNA sequences are generally simple in plants, the phylogenetic use of nuclear markers can be more challenging (Á lvarez and Wendel, 2003) . The internal transcribed spacers (ITS) of nrDNA have been useful in resolving phylogenetic relationships in three genera of Oleaceae (Fraxinus: Jeandroz et al., 1997; Wallander, 2008; Ligustrum and Syringa: Li et al., 2002) , although some limitations of such markers have been encountered in the analysis of angiosperm phylogenies (Baldwin et al., 1995; Á lvarez and Wendel, 2003; Nieto Feliner and Rosselló, 2007) . Typically, ITS sequences are subject to concerted evolution, display a rapid rate of evolution compared with most plastid loci, and can be readily amplified and sequenced even from poorly preserved material (Mort et al., 2007) . However, technical difficulties have been encountered when sequencing ITS regions in the olive complex due to the presence of numerous pseudogenes (Besnard et al., 2007c) . As a consequence, this set of markers has to be used cautiously and with improved techniques to isolate functional ITS sequences from nrDNA units (see Nieto Feliner and Rosselló, 2007) .
In the present study, we used maternally inherited (plastid DNA) and nuclear (functional ITS-1) sequences to address four main objectives: (1) to reconstruct phylogenetic relationships in the genus Olea with a focus on subgenus Olea, which contains the African members related to the cultivated olive; (2) to evaluate congruence of plastid and nuclear phylogenetic trees with current taxonomic groupings; (3) to date and to interpret the main splits leading to the diversification of the genus Olea using palaeobotanical data and a relaxed molecular clock approach; and (4) to infer the evolution of a key character linked to drought adaptation (i.e. protection of stomata by peltate scales).
MATERIALS AND METHODS

Plant material and molecular characterization
Sixty-one accessions of Olea were used for phylogenetic analyses (Appendix) as follows: 35 of subgenus Olea section Olea (the monotypic O. europaea and its six subspecies); 17 of subgenus Olea section Ligustroides (all eight species); seven of subgenus Tetrapilus (seven species of 23, including the type species; Green, 2002) ; and two of subgenus Paniculatae (the only species). Because of difficulties in obtaining samples of subgenus Tetrapilus, the present sample was limited to seven species representing the geographical distribution of this group [from south-west China (Yunan and Hainan), Thailand, Sumatra and the Philippines] and some morphological variation (including leaf shape, petiole hairiness, abaxial indumenta of leaves and inflorescence size; Green, 2002) . In subgenus Olea, only one subspecies (O. woodiana subsp. disjuncta; section Ligustroides) was not sampled. The placement of the rare Madagascan species O. ambrensis (section Ligustroides) was of particular interest, given that its morphological description is incomplete and lacks an appropriate account of the reproductive organs (Perrier de la Bâthie, 1952; Green, 2002) . DNA from each individual was extracted using a 2Â CTAB method (Besnard et al., 2000) , except for 12 specimens from herbarium collections (Appendix). For these samples DNA was extracted from about 10-20 mg of plant material using the DNeasy Plant Mini Kit (Qiagen, GmbH, Hilden, Germany). Outside the genus Olea, 17 samples of Oleaceae were also considered in our analyses (Chionanthus broomeana, C. retusus, Fraxinus americana, F. excelsior, F. quadrangulata, Ligustrum vulgare, Nestegis sandwicensis, Noronhia emarginata, N. longipedicellata, N. luteola, three samples of Noronhia spp., Osmanthus fragrans, O. heterophyllus, Phillyrea latifolia and Syringa vulgaris; see Appendix). Three species (Fraxinus americana, F. quadrangulata and Syringa vulgaris; from GenBank) were only used in the ITS-1 analyses (see below). All these 17 species belong to the monophyletic tribe Oleeae, and 14 are placed in the subtribe Oleinae (members of genera Chionanthus, Nestegis, Noronhia, Osmanthus and Phillyrea) and are phylogenetically relatively close to the genus Olea (Wallander and Albert, 2000) .
All individuals were characterized using four plastid DNA regions (trnL-trnF, matK, trnT-trnL and trnS-trnG). DNA amplification of each region was performed using the PCR protocol described by Guzmán and Vargas (2005) . Standard primers were used for amplification of matK (Johnson and Soltis, 1994) , trnL-trnF and trnT-trnL (Taberlet et al., 1991) , and new primers were designed to amplify trnS-trnG (see Supplementary Data 1, available online). PCR amplification of herbarium DNA generally failed for fragments of size greater than 300 bp. Consequently, several overlapping fragments (between 200 and 320 bp) were generated to obtain a complete consensus sequence of the four spacers for the 12 herbarium samples (Appendix). Two fragments were generated for trnL-trnF, three for trnT-trnL and five for matK and trnS-trnG. The complete list of primers used is given in Supplementary Data 1. The PCR reaction mixtures contained 5 mL of DNA solution, 1Â PCR buffer, 2 . 5 or 5 mM MgCl 2 (see Supplementary Data 1), 0 . 2 mM dNTPs, 0 . 2 mmol of each primer and 0 . 75 units of DNA polymerase (GoTaq, Promega, Madison, WI, USA) in a total of 25 mL. After 3 min at 94 8C, the PCR thermocycler programme (T1, Biometra, Göttingen, Germany) was: 36 cycles of 30 s at 94 8C, 30 s at the defined annealing temperature (50 or 53 8C; see Supplementary Data 1) and 90 s at 72 8C. The last cycle was followed by a 10-min extension at 72 8C. PCR products were cleaned using spin filter columns (PCR Clean-up, MoBio Laboratories, Carlsbad, CA, USA) and then directly sequenced using a Big Dye 3 . 1 Terminator cycle sequencing kit (Applied Biosystems, Little Chalfont, UK) according to manufacturer's instructions and an ABI Prism 3100 genetic analyser (Applied Biosystems, Foster City, CA, USA).
To compare the information contained in the plastid and nuclear genomes, sequences of a nuclear region were also generated. nrDNA polymorphism was analysed because of its informativeness in angiosperms (Baldwin et al., 1995; Nieto Feliner and Rosselló, 2007) and because it previously showed reliable molecular variation for Olea phylogenetics (Besnard et al., 2007c) . Moreover, the poor preservation of the DNA extracted from the 12 herbarium specimens prevented effective use of single-copy nuclear genes on these samples. New primers were designed to specifically generate sequences of functional ITS-1 units. The functional units (i.e. AJ585193 and AM403099) and different pseudogenes isolated from the olive complex (see Besnard et al., 2007c) were aligned with functional ribosomal units from various members of Oleaceae from which pseudogenes have not been isolated (e.g. Jeandroz et al., 1997; Li et al., 2002) . Two primers located in the 18S and 5 . 8S genes (18Sf:
were designed in the conserved regions of functional units, and the forward primer (18Sf ) was designed to avoid amplification of all pseudogenes. The PCR reaction mixture contained 1 -10 ng DNA template, 1Â AccuPrime TM PCR Buffer II (with 0 . 2 mM dNTPs and 2 mM MgSO 4 ), 2 mL dimethyl sulfoxide (DMSO), 0 . 2 mmol of each primer and 0 . 75 U DNA polymerase (AccuPrime Taq, Invitrogen, Carlsbad, CA, USA) in a total of 25 mL. After 2 min at 94 8C, the PCR thermocycler programme (T1, Biometra) was: 36 cycles of 30 s at 94 8C, 30 s at 58 8C and 45 s at 68 8C. The last cycle was followed by a 10-min extension at 68 8C. Direct sequencing was performed as previously described for plastid DNA fragments. Unreadable chromatograms due to co-occurrence of different ITS-1 copies with indels (leading to frame shifts and generating chromatogram mismatches) were observed in two individuals (see below). For these samples, ITS-1 haplotypes were isolated using the InsT/Aclone TM PCR product cloning kit (Mbi Fermentas, Vilnius, Lithuania) and sequenced as described by Besnard et al. (2007c) .
Phylogenetic reconstructions
Each of the four plastid DNA regions was first aligned using CLUSTAL W (Thompson et al., 1994) and then combined. Manual alignment was necessary in segments where indels were observed. Indels were coded using SEQSTATE v. 1 . 32 (Müller, 2005) . The aligned matrix is available from the authors upon request. Parsimony-based analyses were conducted using a heuristic search strategy with 1000 random addition replicates followed by tree-bisection-reconnection (TBR) branch swapping, with the options MULPARS and STEEPEST DESCENT in effect (as implemented in PAUP 4 . 0b10; Swofford, 2001) . Support values were assessed from 1000 bootstrapping (bs) pseudo-replicates, with the maximum number of rearrangements set at 100 000 000 to avoid excessive computation time. Coded indels were then excluded for further analyses.
Phylogenetic relationships among haplotypes were also evaluated using Bayesian inference with MRBAYES 3 . 1 . 2 (Ronquist and Huelsenbeck, 2003) . The best-fit model was obtained with MRMODELTEST 2 . 0 (Nylander, 2004) for each of the four plastid DNA fragments according to the Akaike Information Criterion (trnL-trnF: HKY þ I; matK and trnT-trnL: GTR þ G; and trnS-trnG: GTR þ I þ G). Two parallel runs, each of four chains, were run for 10 000 000 generations and a tree was sampled every 1000 generations after a burn-in period of 3000 000 generations. All model parameters were optimized separately for each DNA region.
Before reconstructing phylogenetic trees based on the ITS-1 data sample, we tested whether the sequences displayed characteristics of functional units (e.g. G þ C content, conserved motifs) following the procedures described by Besnard et al. (2007c) . To help identify pseudogenes, minimum-energy secondary structure (D) of ITS-1 of each sequence was estimated with MFOLD (http://mfold.burnet.edu.au; Zuker, 1989) using the default temperature of 37 8C. Data were then analysed as previously described for plastid DNA both for maximum parsimony (MP) and Bayesian inference (BI) analyses, except that MP analyses were conducted without limiting the number of rearrangements per bootstrap replicate. BI analyses were performed using the GTR þ I þ G nucleotide substitution model, which was the model with the best fit for ITS-1 sequences.
Molecular dating
Using a Bayesian method implemented in the software BEAST v. 1 . 4 . 8 (Drummond et al., 2006; Drummond and Rambaut, 2007) , a tree was inferred and simultaneously calibrated based on both nuclear and plastid markers. In this analysis, only accessions for which both plastid and ITS-1 data were available were considered. The two individuals for which two divergent ITS-1 sequences were isolated by cloning (see below) were excluded. In addition, two other olive individuals of subspp. cuspidata and laperrinei from Egypt and Hoggar, respectively, were also removed because they displayed deeply incongruent placements in plastid and ITS-1 phylogenetic trees (see below), probably as a consequence of hybridization (see Besnard et al., 2007c) . All markers were considered simultaneously and were analysed under a GTR þ I þ G nucleotide substitution model. Substitution rate was unfixed and a relaxed molecular clock with uncorrelated lognormal rates was used. The tree prior was set to a birthdeath speciation process. Other priors remained unchanged except time constraints on three nodes of the phylogeny. According to fossil evidence, the divergence between F. excelsior and the ingroup occurred before 37 . 2 Mya (Suzuki, 1982; Call and Dilcher, 1992) . This node was calibrated using a normal distribution with a mean of 40 Mya and a standard deviation of 3 Mya. In addition, the divergence of subgenus Olea occurred at least 23 Mya (Muller, 1981; Palamarev, 1989; Terral et al., 2004) , and the crown of subgenus Olea was constrained between 23 and 30 Mya using a uniform distribution. Finally, the olive complex is known to be older than 3 . 2 Mya (Palamarev, 1989; Terral et al., 2004) and was therefore constrained between 3 . 2 and 10 Mya, following a uniform distribution. Descendants of the three nodes corresponding to calibration points were forced to be monophyletic. However, this had no effect as these nodes were also strongly supported in unconstrained Bayesian analyses (data not shown). Bayesian analyses were run for 10 000 000 generations, sampling parameters every 1000 generations. The burn-in period was set to 1000 000 generations. Results were visualized in TRACER v. 1 . 4 (Drummond and Rambaut, 2007) to check that the analysis converged and they were summarized using TREEANNOTATOR (Drummond and Rambaut, 2007) . Ages of nodes were estimated by the node mean heights.
Morphological and scanning electron microscopy analysis
Scanning electron microscopy (SEM) analyses of the leaf abaxial surfaces of 22 taxa were performed with a Hitachi S-3000 N scanning electron microscope. All the samples were also initially observed with an Olympus Bx 60 optical microscope to identify structures of interest. Only fully mature leaves of herbarium specimens of reproductive individuals were analysed. Leaf fragments for microscopic observations were taken from the central quarter of the leaf blades, between the midrib and the margin. All subgenera and sections were represented by at least one sample. Several outgroup species were also included (Appendix). The evolution of trichome morphology considered as a qualitative character (i.e. glabrous leaves, scattered scales or dense indumenta) was analysed in the light of phylogenetic relationships.
RESULTS
Plastid sequence characteristics and phylogenetic reconstructions
The four plastid DNA regions (trnL-trnF, trnT-trnL, trnS-trnG and matK) were sequenced on 71 samples of tribe Oleeae. The total aligned matrix was 3509 bp long, and had 261 variable sites and 121 potentially parsimony-informative characters (Table 1 ). The number of indels detected in the alignment was 55, of which 26 were potentially parsimony-informative. Five multi-state microsatellite motifs were initially excluded from the analysis. When using only O. paniculata (Australia) and O. europaea subsp. europaea ('Toffahi'), our plastid DNA data provided more polymorphisms (22 substitutions and five indels) than in a previous study based on rps16 and trnL-trnF (Wallander and Albert, 2000) , with five substitutions and three indels. In subgenus Olea (sections Olea and Ligustroides; excluding O. ambrensis), 57 variable sites and 13 indels were detected, of which 33 and five were potentially parsimony-informative, respectively (Table 1) . Maximum sequence divergence in this subgenus was low (0 . 8 %).
Plastid phylogenetic reconstructions are shown in Fig. 1 . Only the BI tree of the plastid DNA data set is shown because the topology obtained via MP was the same. The analyses did not support the monophyly of the genus Olea. First, O. ambrensis was placed in a clade formed by accessions of Noronhia (endemic to Madagascar). Second, a clade comprising two Osmanthus species, Chionanthus retusus, Nestegis sandwicensis, Osmanthus spp., Phillyrea latifolia and Olea subgenus Tetrapilus, was sister to the other Olea species. A monophyletic group of three well-supported clades corresponding to Olea subgenus Paniculatae, Olea subgenus Olea section Ligustroides and Olea subgenus Olea section Olea was recovered. In section Ligustroides, phylogenetic reconstructions supported one cluster containing only accessions from southern Africa (O. exasperata and O. capensis subspp. macrocarpa, capensis and enervis) and one cluster including O. woodiana, O. schliebenii and O. welwitschii. However, accesions of O. capensis did not form a monophyletic group. In section Olea, a well-supported, biphyletic resolution was obtained, in which O. europaea subsp. cuspidata was sister to the other five subspecies of the olive complex. However, the cuspidata accession from southern Egypt was related to the Mediterranean subspecies as previously detected with plastid markers (Besnard et al., 2007c) .
ITS-1 sequence characteristics
Forty-six Olea ITS-1 sequences (including short flanking segments of 18S and 5 . 8S) were analysed (alignment available in Supplementary Data 2, available online). Two sequences were isolated by cloning from individuals 'Tassili n'Ajjer' (O. europaea subsp. laperrinei) and 'Tenerife' (O. europaea subsp. guanchica), for which chromatograms were not readable because of indels between different ITS-1 copies. A few double peaks (a maximum of three sites per sequence) were also observed on 14 chromatograms by direct sequencing and sites were coded with International Union of Pure and Applied Chemistry (IUPAC) symbols (see Supplementary Data 2). Using this approach, ITS-1 sequences were also generated from 13 other members of Oleaceae including outgroup sequences for Fraxinus excelsior and Ligustrum vulgare. A sequence identical to that published by Li et al. (2002; EMBL accession no. AF361298) was obtained for the latter, whereas the F. excelsior sequence of our analysis displayed a high sequence similarity (98 . 3 %) with the one from Jeandroz et al. (1997;  EMBL accession no. U82866). The ITS-1 sequences were between 222 and 254 bp in length (Table 1) . In subgenus Olea, the length of this spacer ranged from 243 bp (for most samples of the olive complex) to 254 bp (for one Madagascan sample of O. capensis subsp. macrocarpa; RNF08). The shortest sequences were found in samples of Noronhia spp. and O. ambrensis, which displayed indels in the 5 0 part of ITS-1. Sequence characteristics supported that our ITS-1 sequences are part of functional nrDNA units (i.e. group 4; Besnard et al., (Table 1) ; (2) all the ITS-1 sequences analysed had TCGA at the 5 0 end, except for two sequences of O. capensis subsp. macrocarpa from Madagascar (ROR193 and RFN015), which had CCGA; (3) the highly conserved ITS-1 motif of flowering plants, GGCRY-(4-7 n)-GYGYCAAGGAA (Liu and Schardl, 1994) , was also present in all our sequences as GGCGC-GRRRA-GCGYCAAGGAA; and (4) minimum energy values of the secondary structure (D) of ITS-1 ranged from 272 . 6 to 2106 . 4 kcal mol 21 and thus had a lower value than those reported for olive pseudogenes (247 . 8 to 262 . 2 kcal mol
21
; Besnard et al., 2007c) . In addition, a 5 . 8S gene segment of 28 bp was also sequenced in all accessions and was shown to be highly conserved.
ITS-1 phylogenetic reconstructions
The ITS-1 sequences provided 147 variable sites (Table 1 ). In ITS-1 sequences (304 sites after alignment), the same number of potentially informative characters (121) were found as in the four plastid DNA regions (with a total sequence length of 3509 bp). Only the BI tree is presented in Fig. 2 , as the same topology was obtained in the MP analysis. These analyses show the polyphyletic pattern for the genus Olea as observed in the plastid DNA analyses. Olea subgenus Tetrapilus again appeared as a separate lineage, but it was placed in a different position in the ITS-1 phylogeny. Olea ambrensis was again closely related to Noronhia. Furthermore, Olea subgenus Paniculatae was sister to subgenus Olea (topology not resolved in the plastid DNA tree). In this latter clade, two subclades with high support values defined sections Olea and Ligustroides (Fig. 2) , in agreement with the plastid phylogeny. Within each section, the ITS-1 tree, however, depicted groupings of accessions with only low congruence with groups of the plastid tree (see above). In section Ligustroides, samples of O. capensis ( particularly those of subsp. macrocarpa) did not form a monophyletic group, as already observed in the plastid tree. In section Olea, samples of subsp. cuspidata from Africa and Arabia were clearly divergent from other accessions, and did not form a monophyletic group with other cuspidata accessions. Two ITS-1 copies were also detected in one individual of subsp. laperrinei and one individual of subsp. guanchica, which belonged to two different clades. This may be caused by intersubspecific hybridizations, as already suggested (Besnard et al., 2007c; García-Verdugo et al., 2009) . In addition, the positions of subsp. laperrinei from the Hoggar (Algeria) and subsp. cuspidata from Egypt were incongruent in the ITS-1 and plastid trees, pointing to reticulate evolution.
Molecular dating and peltate scale occurence in Olea
Both plastid DNA and ITS-1 sequences were used for the combined analysis (Supplementary Data 3, available online) . A compressed tree with the main supported nodes is presented in Fig. 3 . Ages are given with limits of the 95 % of the posterior distribution of heights (in parentheses). According to our molecular dating analysis, divergence times of the ingroup from the outgroup (Ligustrum) took place 59 . 2 (75 . 6-42 . 9) Mya (Fig. 3) . The Noronhia lineage (including C. broomeana and O. ambrensis) branched off first [35 . 8 (40 . 8-30 . 7) My] in subtribe Oleinae. The split of subgenera Olea -Paniculatae from a group including Osmanthus, Phillyrea, Nestegis, C. retusus and Olea subgenus Tetrapilus occurred 32 . 6 (37 . 8-28 . 5) Mya. The most common recent ancestor of subgenera Paniculatae and Olea was in existence 24 . 4 (26 . 9-23 . 0) Mya. In subgenus Olea, sections Ligustroides and Olea diverged from each other 17 . 7 (21 . 7-13 . 8) Mya. Diversification of section Ligustroides began 7 . 6 (10 . 2-5 . 3) Mya, whereas the first divergence of two subgroups in section Olea was estimated to be 6 . 1 (8 . 3-4 . 0) Mya. Lastly, North African O. europaea subspecies diverged from Asian subsp. cuspidata 4 . 4 (5 . 9-3 . 3) Mya.
SEM observations of abaxial leaf surfaces confirmed that peltate scales were totally absent in most taxa of subtribe Oleinae analysed in the present study (Noronhia, Chionanthus, Nestegis, Olea subgenus Tetrapilus), although in some cases they had glandular structures, and in one case (O. rosea) linear trichomes (Fig. 4A -J) . Scattered peltate scales were only observed in O. paniculata and taxa of section Ligustroides (Fig. 4K -R) , whereas leaves of section Olea were densely covered by larger peltate scales. Scale coverage is so dense that leaves of Olea europaea (section Olea) had a multilayered indumentum with overlapping scales (Fig. 4S -V) , particularly in the case of subsp. laperrinei, where the stomata were completely protected and never directly visible. (Flower and Kennett, 1994) ; (d) desertification of the Sahara (approx. 10-7 Mya; Flower and Kennett, 1994) , establishment of the Benguela current and aridification of southern Africa (Linder, 2003) . The appearance of scattered peltate scales (solid triangle 1) and indumenta with large lobed peltate scales (solid triangle 2) on the abaxial leaf surface is indicated on the corresponding branches. See Supplementary Data 3 for more details on the phylogenetic tree topology. *Olea europaea subspp. cerasiformis, europaea, guanchica and maroccana.
DISCUSSION
Informativeness of DNA markers
The four plastid DNA regions screened in the present study showed a higher amount of polymorphisms within the genus Olea than the rps16 and trnL-trnF sequences used in a previous study (Wallander and Albert, 2000) . The trnS-trnG intergenic spacer was the most variable region (Table 1) phylogenetic utility of this plastid DNA fragment in plants at different taxonomic levels (Shaw et al., 2005; Parisod and Besnard, 2007) . Furthermore, the present study provides for the first time a phylogenetic reconstruction of ITS-1 sequences from presumed functional nrDNA units on a complete sample of the olive complex and related taxa. Indeed, previous studies using ITS-1 sequences of the olive complex were based on nrDNA pseudogenes that exhibited higher variability, but were less amenable to conventional phylogenetic analyses (Hess et al., 2000; Elbaum et al., 2006; Besnard et al., 2007c) . The present results confirmed that the ITS-1 sequences, even in their functional form, are far more variable than any plastid DNA intergenic spacer (Table 1) , as already shown in Fraxinus (Jeandroz et al., 1997) and many other angiosperms (Mort et al., 2007) .
Systematic implications
The validity of genus Olea, as a natural group, has long been discussed. Indeed, Johnson (1957) proposed the recognition of Tetrapilus as an independent genus based on morphology. This possibility was suggested more recently in studies based on plastid sequences (Wallander and Albert, 2000) , nrDNA RFLPs (Besnard et al., 2002) and biochemical and (Harborne and Green, 1980; Nilsson, 1988; Jensen et al., 2002) . The current phylogenetic analyses supported the polyphyletic hypothesis inasmuch as accessions of Chionanthus, Osmanthus, Nestegis, Norhonia and Phillyrea were intermingled with those of Olea in all analyses (Figs 1 -3) . Indeed, Olea subgenus Tetrapilus appeared as a natural group distant from the main core of Olea (i.e. subgenera Olea -Paniculatae), as Johnson (1957) had predicted. In addition, a close relationship between Noronhia spp., Chionanthus broomeana and Olea ambrensis was retrieved in all analyses (Figs 1 -3) , suggesting that O. ambrensis is incorrectly classified in Olea. Unfortunately, key characters, such as the corolla, stamen and ovary, are missing from the original description (Perrier de la Bâthie, 1952; Green, 2002) . As flower parts are of paramount importance for the classification of Oleaceae, further taxonomic research is necessary to verify whether this species belongs to Noronhia (as already suggested by R. Capuron; cf. hand writing on the type specimen of O. ambrensis in the herbarium at the Museum d'Histoire Naturelle, Paris). Alternatively, this taxon could be related to tropical African species of Chionanthus. An extended sample is also needed to test for the polyphyly of Chionanthus (sensu Stearn, 1976) , which is suggested by the distant placement of the two samples included in the present study (C. retusus and C. broomeana). Subgenera Olea and Paniculatae formed a well-defined monophyletic group (Figs 1 and 2 ). In the light of these results, we propose that a more natural (monophyletic) taxonomy of Olea should restrict the 'true' genus Olea to the type species (O. europaea) and closely related taxa (i.e. subgenera Olea and Paniculatae). Phylogenetic reconstructions also enabled a clear distinction between the two sections of subgenus Olea: section Ligustroides (excluding O. ambrensis) and section Olea. Poor resolution within section Ligustroides in the plastid DNA phylogenetic tree hinders conclusive hypotheses on the evolution of this monophyletic group. Despite a significant sampling of O. capensis, accessions of the three subspecies did not form a monophyletic group. The lack of agreement between morphological and molecular results, the poor congruence between plastid DNA and ITS-1 phylogenetic trees and the similar plastid DNA sequences found in geographically close taxa (i.e. south-eastern African species of section Ligustroides) suggest that reticulate evolution in section Ligustroides may have been extensive (Besnard et al., 2002; Green, 2002) , as already documented in section Olea (Besnard et al., 2007c) .
The phylogenetic reconstructions obtained with both nuclear and plastid DNA sequences show a clear differentiation between subsp. cuspidata and the other subspecies of section Olea. However, the molecular data sets for O. europaea [e.g. from amplified fragment length polymorphisms (AFLPs) (Angiolillo et al., 1999; Rubio de Casas et al., 2006) , plastid DNA sequences (Besnard et al., 2007c) and ITS (Besnard et al., 2007c) ] indicate that reproductive isolation of subspecies cuspidata may have not been complete. The lack of key taxonomic characters in this section (Green, 2002) , the presence of fertile hybrids between subspecies (Besnard et al., 2007b (Besnard et al., , 2008 ) and the close relationship of accessions of multiple subspecies are in agreement with the long-standing subspecific treatment of the O. europaea complex (Ciferri and Breviglieri, 1942; Green and Wickens, 1989; Green, 2002) .
The evolutionary history of Olea Fossils that can be attributed to specific nodes in the phylogeny of Oleaceae are rare. This low number of calibration points, together with their conservative usage, has led to wide confidence intervals in the estimation of node ages (Fig. 3) . These high standard deviations are inherent in molecular clock analyses and cannot be avoided with the amount of palaeobotanical data currently available. Nevertheless, the statistical support for time estimates presented in this study is high and can thus be considered as indicative of the most likely divergence times in Olea.
Concordance between lineage appearance and major climatic events in the Tertiary (Zachos et al., 2001; Pälike et al., 2006) suggests links between climate shifts and clade divergences in the genus Olea. The Oi-1 glaciation (about 34 Mya) is recognized as one of the most remarkable palaeoclimatic events in the Oligocene (Zachos et al., 2001) . This glaciation could have played a role in the separation of subgenera Olea and Paniculatae from closely related genera of Oleinae (including Tetrapilus) 32 . 6 (37 . 8-28 . 5) Mya (see also dating for Olea in Lee et al., 2007) . According to the present dating results, the Mi-1 glaciation at the Miocene -Oligocene boundary (Zachos et al., 2001 ) coincides in time with the split [24 . 4 (26 . 9-23 . 0) Mya] between subgenera Olea and Paniculatae, which together form 'true' Olea. These results suggest that lineage differentiation may have taken place multiple times after recurrent contractions of wet and dry tropical forests during major climatic shifts (Zachos et al., 2001) .
SEM photographs revealed a total absence of peltate scales on the abaxial leaf surface in accessions other than those of subgenera Paniculatae and Olea (Fig. 4) . In contrast, Nestegis, Chionanthus and samples from subgenus Tetrapilus exhibit glandular structures that were not observed in subgenera Olea and Paniculatae (Fig. 4) . Our observations indicate that peltate scales may have appeared in a most recent common ancestor of subgenera Paniculatae and Olea. Leaves of section Olea (O. europaea) are densely covered by large peltate lobed scales. In contrast, the abaxial scales observed in O. paniculata and some taxa of section Ligustroides are smaller, have a different shape and are much more scattered, perhaps playing a role in defence against herbivores (e.g. Rudgers et al., 2004) . The characteristic indumentum of O. europaea might thus be the result of a further modification of previously existing structures to face the dryer environments in the Middle and Late Miocene (Zachos et al., 2001; Sepulchre et al., 2006) , and in that case they can be interpreted as a preaptation (sensu Gould and Vrba, 1982) . This morphological character, together with leaf surface reduction and cuticle thickness, has traditionally been considered as an adaptation to arid environments (Uzunova et al., 1997) , as trichomes protect stomata by creating favourable micro-environmental conditions for gas exchange (Bongi et al., 1987) . Indeed, all taxa of O. europaea display a dense abaxial cover of peltate scales and linear -lanceolate leaves and inhabit dry or arid environments (Fig. 4) . This set of characters is extreme in subsp. laperrinei, which grows under desert-like conditions in the Sahara and has a multi-layered indumentum (Besnard et al., 2007a) .
According to the relaxed molecular clock results, the separation of section Olea and section Ligustroides took place during the Miocene, at 17 . 7 (21 . 7-13 . 8) Mya. It coincides with the Early Miocene warming that followed the Mi-1 glaciation at the Miocene -Oligocene boundary (approx. 24 Mya) leading to the Mid-Miocene Climate Optimum (approx. 16 Mya; Zachos et al., 2001) . Aridification of continental Africa, as revealed by grassland expansion 16-2 . 8 Mya (Retallack, 1992; Cerling et al., 1997) and the contraction of forest ecosystems to refugia (Bobe, 2006; Sepulchre et al., 2006) , appears to be related to further differentiation within sections Olea and Ligustroides. These environmental changes had significant consequences for several plant groups [e.g. Ehrharta (Verboom et al., 2003) and Nemesia (Datson et al., 2008) ] and triggered the diversification of arid-adapted taxa (Fiz et al., 2008) . The new xeric environments might have favoured the establishment of the leaf morphotypes observed in section Olea.
Molecular clock results also show that the further split of the lineage formed by the subsp. cuspidata populations primarily distributed in eastern and southern Africa from the lineages including the remaining populations appears to have occurred at approximately 6 . 1 (8 . 3-4 . 0) Mya. This date coincides with the aridification of African midlatitudes that followed the expansion of the East Antarctic ice sheet and the topographic uplift of eastern African mountains (Flower and Kennett, 1994; Zachos et al., 2001; Sepulchre et al., 2006) . This climatic event triggered the desertification of the Sahara, potentially promoting vicariance, as already described for other organisms (e.g. elephant shrews; Douady et al., 2003) . Some degree of gene flow between subsp. cuspidata and the other subspecies, notably subsp. laperrinei, might have taken place following secondary contacts. Recurrent isolation and hybridization events may largely have been caused by geographical barriers and bridges (such as the Sahara). Waxing and waning processes caused by climatic changes during the Pleistocene may have brought about reticulation in the O. europaea complex (for a more detailed discussion, see Besnard et al., 2007c) .
Concluding remarks
The present results indicate the necessity of revising current taxonomic boundaries in Olea ( particularly for O. ambrensis and Olea subgenus Tetrapilus). The long evolutionary history of this group, which spans most of the Tertiary, appears to have been shaped by the major climatic events of that period. Further research should focus on disentangling the phylogeny and biogeography of subgenus Olea, as reticulation and recent geological events (formation of the Sahara, emergence of Macaronesian islands and establishment of the Mediterranean regime) may have been crucial in the evolution of Olea (Suc, 1984; Terral et al., 2004) .
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